This paper aims to show the importance of autogenous shrinkage for the serviceability performance of reinforced high-strength concrete (HSC) flexural beams, and also the effectiveness of low-shrinkage HSCs (LS-HSC) made by using expansive additive and/or shrinkage-reducing chemical agent and/or Belite-rich low-heat Portland cement for improving the flexural serviceability performance of beam. From the design equation point of view, this paper also proposes a new concept for evaluating flexural crack width and deformation of RC beams taking into consideration the early age deformation of concrete before loading. The experimental results show that autogenous shrinkage of HSC significantly affects increases in crack width and deformation of RC beams, while LS-HSCs markedly improves their serviceability performance. The present concept, which takes into account strain change in tension reinforcement and curvature change in the cracked section before and after loading, is effective in explaining the effects of shrinkage and expansion of concrete before loading on maximum crack width and flexural deformation of RC beams. JSCE (Japan Society of Civil Engineers) code equations for predicting maximum crack width and flexural deformation into which the present concept is incorporated improve the prediction accuracy compared with conventional equations and show fairly good agreement with experimental results.
Introduction
The development of superplasticizer and the widespread use of supplementary fine mineral powders such as silica fume and granulated blast-furnace slag have enabled the production of high-strength and/or high-flowability concrete. High-strength concrete (HSC) has been widely studied over the last decade and has been increasingly applied to enhance the durability and structural performance of concrete structures. However, such low water-to-binder ratio concretes are known to shrink significantly at early ages, which is likely to be caused by autogenous (self-desiccation) shrinkage, and frequently exhibit increased sensitivity to early-age cracking (Paillere et al. 1989 , Tazawa et al. 1992a , Schrage et al. 1992 , Tazawa et al. 1994 . Control of cracking in RC members is always a matter of concern because the durability of concrete structures declines with crack formation. HSC is expected to yield more durable structural members, and therefore more severe control of cracking for HSC, compared to conventional concrete, is essential. Thus, the establishment of a technique for minimizing autogenous shrinkage in HSC is an important task.
Recently, experimental investigations on how to control autogenous shrinkage have been carried out comprehensively from a material point of view (JCI 1999) . These studies revealed that expansive additive (Tazawa et al. 1992b , Hori et al. 1998 , Tanimura et al. 2000 , Schwartzentruber et al. 2002 , shrinkage-reducing chemical agent (Tazawa et al. 1992b , Takeuchi et al. 1997 , Tanimura et al. 2000 , Weiss et al. 1999 , Holt et al. 2000 , Bentz et al. 2001 , Berke et al. 2003 , as well as Portland cement containing higher C 2 S content and lower C 3 A content are obviously effective in reducing autogenous shrinkage (Tazawa et al. 1995 , Takeuchi et al. 1997 , Hori et al. 1998 , Tanimura et al. 2000 . Additionally, the effect of the combination of the above-mentioned materials on reducing autogenous shrinkage has been investigated, and HSCs with lower risk of early-age cracking have been developed (Ogawa et al. 1995 , Chikamatsu et al. 1997 , Sato et al. 1999 , Tanimura et al. 2000 , Kameta et al. 2000 , Hori et al. 2001 , Tanimura et al. 2001a , Tanimura et al. 2002a . Very recently, techniques referred to as internal water curing of concrete that enable counteracting of self-desiccation by partially replacing normal weight aggregate with pre-saturated lightweight aggregate or adding super-adsorbent polymer particles as concrete admixture, have been reported (Bentur et al. 2001 , Jensen et al. 2001 , Jensen et al. 2002 . However, studies on the effect of autogenous shrinkage and the effectiveness of low-shrinkage HSC from the viewpoint of structural performance of RC members have been insufficient. Further, there are only a few reports on methods for evaluating the serviceability performance of RC members considering the effect of autogenous shrinkage/expansion before loading (Tani-mura et al. 2001b , Tanimura et al. 2002b , Sato et al. 2003 , even though such evaluation is required for service life prediction.
In light of the above situation, the present paper aims to show the importance of autogenous shrinkage for the serviceability performance of reinforced W/C = 0.3 high-strength concrete (HSC) flexural beams, and also the effectiveness of low-shrinkage HSCs made by using expansive additive and/or shrinkage-reducing chemical agent and/or Belite-rich low-heat Portland cement for improving the flexural serviceability performance of beams. From the design equation point of view, this paper also investigates and proposes a general method for evaluating maximum crack width and deformation of RC flexural beams, considering the early age deformation of concrete before loading.
Experimental program

Materials
The materials used in the study are listed in Table 1 . The contents of C 3 S, C 2 S, C 3 A and C 4 AF of ordinary Portland cement (OPC), calculated using Bogue's equations, were 52%, 24%, 9%, and 9%, respectively. On the other hand, those of Belite-rich low-heat Portland cement (LPC) were 26%, 55%, 3%, and 9%, respectively. A previous study revealed that the mineral composition of cement affects autogenous shrinkage significantly (Tazawa et al. 1993 , Tazawa et al. 1997 . Based on Eq. 1 below, derived by Miyazawa & Tazawa (Miyazawa et al. 1996) 
where, ∞ ε p is the ultimate value of autogenous shrinkage strain (original length: 24 hours after casting) of cement paste with W/C = 0.3 (x10 -6 ), and %)
, and %) AF C ( 4 are the %mass content of C 3 S, C 2 S, C 3 A, and C 4 AF, respectively.
Mixture proportions
Ten HSCs with fixed water-to-binder ratios of 0.3 were prepared in order to investigate the effect of autogenous shrinkage/expansion on the serviceability performance of RC flexural beams. Table 2 lists the mix proportions of these concretes as well as their respective slump flow value, air content, and temperature measured just before the concrete was placed. The replacement dosages of EX and SRA were set to 30 kg/m 3 and 6 kg/m 3 , respectively, regardless of the type of cement. The concrete quality, referred to as NC1 and NC2, represents a reference HSC made using OPC. NE1, NS, and NE1S denote LS-HSC made using OPC with EX1, SRA, and EX1 and SRA, respectively. LC denotes LS-HSC with LPC, and LE1, LS, and LE1S correspond to concretes consisting of LPC with EX1, SRA, and EX1 and SRA, respectively.
Specimens
The RC beam specimens for investigating the shrinkage/expansion-restrained stress, cracking behaviors, and deflections are shown in Fig. 1 . Self-temperature compensated wire strain gauges were attached to the upper and bottom sides of the tension reinforcement at mid-span in order to measure the reinforcement strain until loading of the beam. One specimen was prepared for each mixture.
Prismatic specimens with the same cross section as that of the RC beams were prepared to measure free deformation, as shown in Fig. 2 . One specimen was prepared for each of NC1, NE1, NS, NE, LC, LE1, LS, and LE1S, and eight specimens were prepared for each of NC2 and NE2S.
To minimize the friction between the mold and the concrete specimen, a 1.0 mm thick Teflon sheet was placed at the bottom of the mold. Further, a 3 mm thick polystyrene board was placed on both ends of the mold. All the surfaces of the beam specimen mold were covered with a 0.1 mm thick polyester film. In addition, three cylindrical specimens of 100 x 200 mm for each mixture were prepared to measure the compressive strength and Young's modulus. Three cylindrical specimens measuring 150 x 200 mm were also prepared for each mixture in order to measure the splitting tensile strength.
After demolding, all the specimens were promptly sealed with a 0.05 mm thick aluminum adhesive tape to prevent water evaporation. The demolding time of the OPC-based and LPC-based mixtures were one day and two days after casting, respectively. The specimens were cured at room temperature.
Loading and measurements
Two-point loading (4-point bending) was accurately applied to the RC beams. The span and pure moment zone of the beams were 2100 mm and 800 mm. Crack widths at the depth of tension reinforcement were measured using a contact-type strain gauge with a minimum graduation of 0.001 mm. To measure the crack width as accurately as possible, a distance of 20 mm between each contact point was adopted. Deflections were measured by using displacement transducers with a minimum graduation of 0.001 mm. The deflection measurement results were used to calculate the average curvature in the pure moment zone.
In order to measure the free deformation, an embedded strain gauge with a reference length of 100 mm and low elastic modulus of 39 N/mm 2 , and a thermocouple were placed at the center of the specimens. The NC1, NE1, NS, NE1S, LC, LE1, LS, and LE1S specimens were kept sealed with aluminum adhesive tape for approx. one year to evaluate the autogenous shrinkage/expansion strain. On the other hand, four specimens for NC2 and NE2S were kept sealed with aluminum adhesive tape for two years to evaluate the autogenous shrinkage/expansion strain, while the other four specimens were stripped from the aluminum adhesive tape at the age of 30 days to evaluate the total shrinkage/expansion strain under a drying condition. The expansion/shrinkage strain of concrete was determined by subtracting the thermal strain from the measured strain, assuming the coefficient of thermal expansion of concrete to be 10 x 10 -6 / o C. Measurement began immediately after the concrete was placed.
The compressive strength, Young's modulus, and the splitting tensile strength of concrete were measured in accordance with JIS A 1108, JIS A 1149, and JIS A 1113, respectively. Table 3 tabulates the compressive strength, splitting tensile strength, and Young's modulus of the tested sealed plain concretes. The compressive strengths and splitting tensile strengths of the investigated mixtures ranged from 70.8 to 91.4N/mm 2 , and from 4.10 to 5.77N/mm 2 , respectively. Therefore, the water/binder ratio for achieving the required strength should be varied by the addition of EX and/or SRA as well as the type of cement.
Experimental results
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The experimental results on autogenous shrinkage/expansion strains for all the investigated mixtures are shown in Fig. 3 . The data are plotted as a function of temperature-adjusted concrete age calculated by Eq. 2 below (CEB 1990 ) from the viewpoint of the hydration process:
where, t = temperature adjusted concrete age, i t ∆ = number of days when a temperature T ( o C ) prevails, and 0 T = 1 o C. The reference NC1/NC2 mixtures showed a significant autogenous shrinkage strain of approx. 300 x 10 -6 and approx. 500 x 10 -6 at the age of 28 days and one year, respectively. OPC-based HSCs containing expansive additive and/or shrinkage-reducing agent showed a smaller autogenous shrinkage than that of NC1/NC2. The autogenous shrinkage observed for LC was markedly small compared with that observed for NC, almost 4.14 zero until the age of 100 days. LPC-based concretes that use expansive additive (LE1 and LE1S) showed expansion rather than shrinkage even though there was no difference in unit content of expansive additive between the OPC-based and the LPC-based concretes. A synergistic effect of using both expansive additive and shrinkage-reducing agents was observed for the concrete with LPC cement; i.e., the compensation quantity in the strain of LE1S, which is 395 x 10 -6 , was greater than the summation of those of LE1 and LS corresponding to 323 x 10 -6 and 17 x 10 -6 , respectively, as shown in Table 4 . In addition, the drying shrinkage strain of NE2S, which is determined by subtracting the autogenous shrinkage strain from the total shrinkage strain, was approx. 50% of that of NC2 at the age of two years, as shown in Fig. 4 . As a result, the total shrinkage of NE2S is markedly smaller than that of NC2; the former was approx. 15% of that of the latter at the age of two years. Thus, the combination of an expansive additive and a shrinkage-reducing chemical agent is effective for reducing shrinkage from early-ages to long-term ages. Figure 5 shows the restrained stress histories in concrete at the extreme bottom fiber due to the restraint of reinforcements, determined by Eq. 3. This equation is derived from the equilibrium of the force among concrete and reinforcement as well as Navier's assumption, in which the stress is positive in tension and negative in compression. 
Restrained-shrinkage/expansion stress
where, s P = axial force in reinforcement, s E = Young's modulus of reinforcement, s ε = measured strain in reinforcement, s A = cross-sectional area of reinforcement, c σ = stress at the extreme bottom fiber, c I = moment of inertia of gross concrete section, c A = cross-sectional area of concrete, d = effective depth, h = height of beam, and g C = distance from the extreme upper fiber to the centroid of the gross concrete section.
The restrained stress just before loading is listed in Table 4 .
NC1 showed the highest tensile stress, approx. 1.3 N/mm 2 . On the other hand, the tensile stresses of NE1, NE1S, LC, and LS were controlled to be negligible compared with those of NC1/NC2. LE1 and LE1S showed restrained stress in compression of approx. 1.5 N/mm 2 . Thus, using Belite-rich low-heat Portland cement, expansive additive, shrinkage reducing agent, or a combination of these is effective for compensating autogenous shrinkage and resultant induced stresses. Figure 6 shows the flexural cracking moments (Mcr), determined from the bending moment for a case where the deflection was drastically changed. The Mcr, calculated by using the measured splitting tensile strength and either neglecting or considering the restrained stress at the extreme bottom fiber, is shown in the same figure. The measured Mcr of the NC1-RC beam is reduced to approx. 60% of that of the calculated Mcr. On the other hand, the measured Mcr values of NE1-, NE1S-, NE2S-, LC-, and LS-RC beams are approximately 1.3 to 2 times higher than the Mcr of the NC1/NC2-RC beam, indicating a marked increase in Mcr caused by reducing autogenous shrinkage. This effect is observed even though the difference in Mcrs calculated by neglecting the restrained stress is considered. In the case of LE1-and LE1S-RC beams with the compressive stress located at the extreme bottom fiber, the measured Mcr increases to approx. 2.5 times of that of the NC1-RC beam. Regarding the evaluation of Mcr, the Mcr calculated by considering the restrained stress obviously gives closer results to the measured values than evaluation in which the restrained stress is neglected. Figure 7 shows the ratio of maximum crack width or maximum crack spacing of LS-HSC RC beams, measured when the stress in tension reinforcement calculated in accordance with conventional RC theory was 200N/mm2. The maximum crack widths of low-shrinkage HSC-RC beams are reduced to approx. 20-40% of those of the NC-RC beam, while the maximum crack spacings of the former are increased to approximately 10-40% of those of the latter. Thus wider crack spacing resulted in a smaller crack width, a result that differs from the conventional concept. These findings indicate that low-shrinkage HSCs are clearly effective for improving cracking behavior that has declined due to autogenous shrinkage. Figure 8 shows the ratio of average curvature of LS-HSC RC beams, measured when the stress in tension reinforcement calculated in accordance with conventional RC theory was 200N/mm 2 .The average curvature calculated by the JSCE design code (JSCE 2002 curvature of the NC1-RC beam is increased to approx. 20% of that of the calculated average curvature, while the measured average curvatures of low-shrinkage HSC-RC beams are approx. 15-40% smaller than that of the NC1/NC2-RC beam. LPC-based mixtures are particularly effective in reducing curvature when considering the larger calculated curvature. Figure 9 shows the relationship between maximum crack width and stress in tension reinforcement calculated in accordance with conventional RC theory, neglecting the early age deformation of concrete (autogenous shrinkage/expansion) on crack width. The maximum crack widths calculated by using conventional reinforcement stress are also shown in the same figure.
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A new concept for evaluating the serviceability performance of RC flexural members
Maximum crack width
The data in the figure shows significant differences in crack width among the mixtures. The greater the shrinkage/expansion of the concrete, the wider/smaller the maximum crack width measured in RC beams. The significant difference in crack width among mixtures can be explained by the fact that the strain change in tension reinforcement varies by the shrinkage/expansion of the concrete before loading. That is, when concrete shrinks or expands in reinforced concrete, tensile or compressive stress is induced in the concrete, and an equal and opposite stress is simultaneously induced in the reinforcements. On the other hand, the effect of early age deformation on the magnitude of strain in reinforcements at a cracked section should be negligible based on the equilibrium requirement after load induced cracks develop in concrete members. Therefore, the change in strain in reinforcements before and after loading should be dif- ferent among beams made of high-shrinkage HSC and low-shrinkage HSC. Figure 10 shows the basic concept of the change in strain in longitudinal reinforcements from the state where the stress in concrete at the depth of the tension reinforcements is zero (zero stress condition). In this figure, ε denote strains in tension reinforcement of expansive concrete and shrinking concrete beams just before loading and at the zero stress condition, and under load. The difference of strain change should result in an increase or decrease in crack width, a concept that has been incorporated into the equation for maximum crack width in the JSCE design code (JSCE 2002) . The equation for maximum crack width in the same code is as follows:
where, 1 k = a constant to take into account the effect of surface geometry of reinforcement on crack width, 2 k = a constant to take into account the effect of concrete quality on crack width given by (N/mm 2 ), 3 k = a constant to take into account the effect of multiple layers of tensile reinforcement on crack width, n = number of layers of tensile reinforcement, c = concrete cover (mm), s c = center-to-center distance of tensile reinforcement (mm), φ = diameter of tensile reinforcement (mm), se σ = increment of stress of reinforcement from the state in which concrete stress at the portion of reinforcement is zero (zero stress condition) (N/mm 2 ), and csd ' ε = compressive strain for evaluation of increment of crack width due to shrinkage and creep of concrete. csd ' ε of 100 x 10 -6 is recommended for high-strength concrete. Figure 11 shows the relationship between maximum crack width and stress change in tension reinforcement calculated by considering the aforementioned zero stress condition. The figure shows that there is little difference in the results among the various mixtures. Figure 12 shows the relationship between maximum crack width and reinforcement strain at zero stress condition in order to make the effect of reinforcement strain accumulated before loading on crack width clear. The load-induced stress in tension reinforcement is calculated in accordance with conventional RC theory and is 200 N/mm 2 . According to Fig. 12 , the measured values of maximum crack width change proportionally with the variation in accumulated reinforcement strain due to the shrinkage/expansion of concrete before loading. It is obvious that this tendency can be evaluated satisfactorily by considering the strain change in tension reinforcing bars from the zero stress condition. Thus, it is demonstrated that crack widths of RC beams made of HSC having shrinkage/expansion before loading can be evaluated with acceptable accuracy by applying the proposed concept. Figure 13 shows the relationship between bending moment and average curvature. The average curvatures at the full and cracked sections of the NC1-RC beam calculated in accordance with conventional RC theory are also illustrated in the same figure. Figure 13 shows that there is a significant difference between measured and calculated average curvatures at the cracked section, while there is good agreement at the full section. In some beams, which have significantly higher shrink- age-induced stress, the measured average curvatures exceed the calculated ones, even though the tension-stiffening effect is involved in the measured average curvature. On the other hand, in the cases of beams that show expansion (LE1, LE1S), the calculated average curvatures significantly exceed the measured ones. This reason may be due to the fact that the shrinkage/expansion effect before loading is neglected in the calculations, even though the elastic strains created in concrete and reinforcements caused by shrinkage and expansion should influence the curvature. Figure 14 demonstrates the strain distribution at the cross section before and after loading for both the shrinkage and expansion cases. The results show that shrinkage and expansion contribute to increasing and decreasing flexural deformation. Curvature induced by early age deformation def ψ as well as curvature induced by early age deformation followed by loading ψ at a cracked section, are given by the following equations: M denote the moments of beams made of expansive concrete and shrinking concrete at the zero stress condition, ex ψ , sh ψ denote the curvatures of the same beams just before loading, and load ψ denote the curvatures under load considered. Figure 16 shows a typical example of the validity of the proposed concept for a moment-curvature relationship. The cracking moment of the proposed concept is calculated by using measured splitting tensile strength as well as concrete stress induced by early age deformation before loading. Figure 17 shows the comparison between measured and calculated average curvature as a function of reinforcement strain at zero stress condition. The load-induced stress in tension reinforcement is calculated in accordance with conventional RC theory and is 200 N/mm 2 . Comparisons between calculations and measurements indicate that the former predict the latter with satisfactory accuracy when considering early age deformation. However, the calculated value underestimates and overestimates the latter when the effects of shrinkage and expansion, respectively, are neglected.
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Conclusions
The importance of autogenous shrinkage to serviceability performance of reinforced high-strength concrete (HSC) flexural beams, and also the effectiveness of low-shrinkage HSCs (LS-HSC) that are made by using expansive additive and/or shrinkage-reducing chemical agent and/or Belite-rich low-heat Portland cement for improving the serviceability performance of beams, were investigated from the viewpoint of both experimental results and design equations. The following conclusions can be drawn from the present study.
(1) Autogenous shrinkage of HSC significantly affects the increase in crack width and deformation of RC beams, while LS-HSCs markedly improve their serviceability performance.
(2) The present concept taking into account strain change in tension reinforcement and curvature change at the cracked section before and after loading is effective in explaining the effects of shrinkage and expansion of concrete before loading on maximum crack width and flexural deformation under short-term loading. 
